The scattering effects in the infrared ͑IR͒ spectra of single, isolated bread yeast cells ͑Saccharomyces cerevisiae͒ on a ZnSe substrate and in metal microchannels have been probed by Fourier transform infrared imaging microspectroscopy. Absolute extinction ͓͑3.4Ϯ 0.6͒ ϫ 10 −7 cm 2 at 3178 cm −1 ͔, scattering, and absorption cross sections for a single yeast cell and a vibrational absorption spectrum have been determined by comparing it to the scattering properties of single, isolated, latex microspheres ͑polystyrene, 5.0 m in diameter͒ on ZnSe, which are well modeled by the Mie scattering theory. Single yeast cells were then placed into the holes of the IR plasmonic mesh, i.e., metal films with arrays of subwavelength holes, yielding "scatter-free" IR absorption spectra, which have undistorted vibrational lineshapes and a rising generic IR absorption baseline. Absolute extinction, scattering, and absorption spectral profiles were determined for a single, ellipsoidal yeast cell to characterize the interplay of these effects.
I. INTRODUCTION
A single cell is the basic unit of eukaryotic microorganisms such as yeast. It is desirable to record infrared ͑IR͒ absorption spectra of single cells in order to assay the cell function or response to stimuli and insults [1] [2] [3] [4] [5] [6] [7] at this basic level of organization. However, cells are similar in size to the wavelength of IR light, which results in several problems including scattering that dominates vibrational features, distortion of vibrational lineshapes, and shifts of vibrational peak centers. The latter two effects are also known as the "dispersion artifact" 8 or the Christiansen effect. 9 Fourier transform infrared ͑FTIR͒ microscopes readily record signals from single cells, but the spectra are plagued by these welldocumented scattering effects. [10] [11] [12] [13] [14] [15] [16] [17] [18] In this work, the scattering effects in single yeast cells are first characterized on a ZnSe substrate, and then individual cells are placed into the holes of the metal plasmonic mesh, which results in "scatterfree" IR absorption spectra. Heer et al. 19 previously demonstrated scattering reductions with 5 m latex microspheres in mesh holes. Since much of the light is guided along the surface of the metal mesh by plasmonic mechanisms ͑like an "inside-out" fiber optic͒, microparticles within the holes experience evanescent light that is similar to the radiation that reaches just outside of an internally reflecting attenuated total reflection ͑ATR͒ crystal device. The "metal belt" around the microparticle must convert the trajectories that would be scattering in the absence of metal into guided light that is absorbed or transmitted. Observations on single yeast cells are combined on an absolute scale, which enables a sorting of scattering and absorption effects.
Baker's or bread yeast, Saccharomyces cerevisiae, is one of the simplest eukaryotic cells. The genome has been sequenced 20 and has 12 156 677 base pairs, 21 so the amount of DNA in each cell is precisely known. Bread yeast is much studied as it shares 23% ͑Ref. 22͒ of its genome with humans. While scattering is well understood for homogeneous spheres ͑by virtue of Mie Scattering theory-particularly the text by van de Hulst͒, 23 ,24 a yeast cell is approximately spheroidal ͑prolate ellipsoid͒ and inhomogeneous ͑central vacuole, small nucleus, and other organelles͒. It is interesting to see how the scattering of a yeast cell is both similar and different than that of the spherical Mie particles. FTIR microspectroscopy has been used to discriminate related species in microbiology [25] [26] [27] and to follow the effects of external agents on cells. [28] [29] [30] There is much interest in using IR spectroscopy to characterize changes in cells upon transformations associated with cancer, 3, 8, 10, 11, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] but cells ͑and some subcellular components͒ are about the same size as the probing IR wavelengths, which results in large scattering effects. 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] These effects must be avoided or controlled to make such investigations routine. Some progress has been made by Bassan et al. 8 in characterizing and correcting for Mie scattering effects by means of parametrized Kramers-Kronig transformations. Our strategy in this work is to avoid the scattering effects by enclosing the cell in a metal housing, which still transmits enough IR intensity by virtue of plasmonic effects. The amide I band, which is a vibration involving the amide C v O bond in various protein structures, is a good example of the importance of scattering effects in the IR spectra. This band occurs in absorption at 1655 cm −1 in ␣-helix, 1628 synchrotron FTIR indicating a dominance of ␣-helix; however, the peak shifts to 1625 cm −1 after an exposure to antimicrobial silver ions, which indicates ␤-sheet. 43 This study was performed on small clusters of yeast cells rather than individual yeast cells due to the large scattering effects of single, isolated cells that show a redshift of the amide I band. So the amide I band can be used to assay cell viability, but scattering is a big problem.
Yeast cells have a rather remarkable ability to dehydrate without dying, i.e., they undergo anhydrobiosis. They can survive almost complete dehydration and resume metabolic activity once water is reintroduced. 44, 45 The disaccharide trehalose is thought to protect liposomes, cell membranes, and proteins from the ravages of dehydration. In fact, human fibroblast cells have been conferred the ability to withstand dessication by the introduction of E. coli genes for the expression of trehalose biosynthetic enzymes. 44 Initially, our work was set out to follow the IR spectral changes associated with the dessication of single yeast cells; however, it rapidly became evident that scattering was a big problem, which became the focus of this paper. The yeast cells in this work have had the external water removed, which maximizes the index of refraction in contrast to the background and enhances scattering effects. However, the process of internal dehydration was only just the beginning for all the cells studied in this work.
II. EXPERIMENTAL
Yeast cell samples were prepared by adding 2.0 mg of Fleischmann active dry yeast ͑from a local supermarket͒ to 200 ml distilled water at 38-48°C, with incubation for approximately 10 min. A drop of this yeast solution was then placed on a substrate ͑either a 2 mm thick ZnSe window or a piece of plasmonic metal mesh͒, and it was allowed to evaporate. The ZnSe infrared window was only 50% transmitting, but that was sufficient to record extinction spectra. The plasmonic metal mesh, obtained from Precision Eforming ͑839 Route 13, Courtland, NY 13045, www.precisioneforming.com, Part No. MN47͒, is nickel with a square pattern of square holes. The mesh has a 12.6 m hole-center to hole-center spacing ͑lattice parameter͒, a 5.0-5.5 m hole width, and a thickness of ϳ2.0 m. Light incident on the metal is not directly transmitted, but can still get through the hole by plasmonic mechanisms. 19, [46] [47] [48] The yeast cells are about the same size as the Ni metal mesh holes, and the evaporation process causes the cells to be drawn into the holes of the mesh ͑probably by capillary forces͒. The spacing of the mesh holes primarily defines the accessible IR range, and the specific size of the holes must match the cells to be studied, so cells of other sizes would likely require noncommercial sources of mesh. To make absolute cross section measurements, the extinction spectra of yeast on ZnSe were compared to those of 5.0 m latex microspheres ͓SPI Supplies, P.O. Box 656, West Chester, PA 19381-0656, www.2spi.com, Product No. 02705-AB, Lot No. 1120920, polystyrene, refractive index of 1.58 ͑at 540 nm͒, and a specified diameter of 5.0Ϯ 0.4 m͔ on ZnSe, which are well modeled by the Mie scattering theory. Before describing the main subject of this work-the contrast of the IR spectra of single cells in mesh holes to the single cells on ZnSe-it was first necessary to carefully characterize the size and shape of the newly drying yeast cells.
Optical microscope images ͑Olympus BX40 with a 50ϫ objective͒ of randomly selected yeast cells from a sample set of 102 single and isolated yeast cells on ZnSe are shown at the top of Fig. 1 . An image of Ni mesh was obtained under the same conditions for calibration ͑see image at top right͒. The NIH freeware program, ImageJ, was used to draw a freehand line along the outside of each yeast cell image, which the program then fit to an ellipse. The program reported 2a ͑the long elliptical axis͒, 2b ͑the short elliptical axis͒, and the geometrical cross sectional area in units of pixels, which were converted to micron units by taking the average of the distance between several holes of the Ni mesh ͑12.6 m lattice parameter, top right side of Fig. 1͒ . Histograms of the major and minor ellipse axes were constructed with 0.5 m bin widths. They were fit to Gaussian distributions as presented in Fig. 1 . The best fit value of the long elliptical axis is 2a = 5.21Ϯ 0.05 m and the short elliptical axis is 2b = 3.69Ϯ 0.03 m, where the errors are estimated standard deviations in the mean. Since most of our intuition about scattering comes from spheres, the elliptical areas were also equated to the spherical area, yielding an effective spherical diameter of 2r eff = 4.36Ϯ 0.03 m or r eff = 2.18Ϯ 0.02 m.
Infrared microspectroscopy studies of single isolated yeast cells were done in the imaging mode of a PerkinElmer Spectrum Spotlight 300 IR imaging microscope equipped with an array of 16 liquid-nitrogen-cooled mercurycadmium-telluride detectors. The user defines a window region of the sample to study by drawing a rectangle over the area of interest in the optical microscope image. The microspectrometer records the full FTIR spectra at every position on a 6.25 m square grid within the window. Typical experimental parameters were a range of 720-4000 cm such that the IR light impinges on the sample as a conical shell with a range of angles from 17°to 37°relative to the perpendicular of the sample surface. This disperses the plasmonic transmission resonances ͑as compared to a nonmicroscopic FTIR͒, greatly reducing the strength of plasmonic effects.
III. RESULTS

A. Volume of single yeast cell
Since the average yeast cell short axis ͑3.69 m͒ is considerably shorter than the cell long axis ͑5.21 m͒, it was presupposed that the cells will lay down on a short axis. Further, if the cells are assumed to be prolate ellipsoids ͑a better simplifying assumption than spherical͒, then the third axis ͑of length 2c͒ will be equal to 2b. The average volume per cell, ͑4 / 3͒ab 2 , is 37.1Ϯ 1.4 m 3 under these assumptions, which is a bit smaller than the volume obtained if the yeast cells are assumed to be spherical ͑43.4 m 3 ͒.
B. Average spectra of single yeast cells on ZnSe
The average IR extinction spectrum of 21 different, single, and isolated yeast cells on ZnSe is shown in Fig. 2 . Each contributing spectrum was measured with 256 scans using a detector curve background of a 50 m ϫ 50 m empty region on the ZnSe. The spectrum of each cell was obtained by coadding the transmission spectra at each 6.25 m grid point within a boxed region of 3 grid lengths by 3 grid lengths ͑18.75 m ϫ 18.75 m͒, which collects light like an effective window of 19.3 m ϫ 19.3 m. The coadded spectra of the cell were further ratioed to the coadded spectra within the same size empty box in a space adjacent to the cell. The resulting average spectrum is dominated by a broad scattering peak. Vibrations, particularly those at the scattering maximum, are distorted and shifted from their pure absorption positions.
C. Average spectra of single yeast cells in mesh holes
The average IR spectrum of 21 different, single, and isolated yeast cells in metal mesh holes is shown in Fig. 3 . Each contributing spectrum was measured with 256 scans using a detector curve background of a 50 m ϫ 50 m empty region on the Ni mesh-similar to the yeast on ZnSe data. Again, the spectrum of each cell in a mesh hole was obtained by coadding the transmission spectra at each grid point within a boxed region of 3 grid lengths ͑19.3 m ϫ 19.3 m effective window͒. The coadded cell spectrum was further ratioed to the coadded spectrum within a similar size empty box in a space adjacent to the cell containing an empty hole. The absorptions are ϳ16 times larger in the mesh spectrum than on ZnSe because the mesh is plasmonic and the holes are only 16% of the microscope window. The resulting average spectrum has a gently rising background that is a characteristic of generic absorption and vibrational peaks that are not distorted by scattering. This behavior is the same as that observed in our studies of latex microspheres on ZnSe versus the microspheres in the holes of Ni micromesh.
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D. Absolute extinction cross sections
Extinction spectra were also recorded for single, isolated 5.0 m diameter latex microspheres on ZnSe in order to calibrate our IR microspectrometer. They are expected to act like typical, homogeneous, spherical, dielectric particles, which are well treated by the Mie scattering theory. Some selected results on a single latex microsphere on ZnSe are compared to those of a single yeast cell on ZnSe in Fig. 4 . Each particle has three traces, which correspond to three different square window sizes of edge 4, 5, and 6 grid lengths. The problem is that the system has no real/physical aperture that defines the boxed region in which the spectra at the grid points are coadded. A square region of defined edge L exhibits an effective window size L eff because the data are collected digitally rather than with a physical aperture. The known Mie scattering extinction cross section C ext of a 5.0 m diameter polystyrene microsphere is used to determine L eff for any square boxed region chosen for analysis. The measured transmittance ͑t͒, or extinction ͑E͒, and L eff are related to the extinction cross section by
Lumerical's finite difference time domain program was checked by reproducing calculations on dielectric spheres and then was used to calculate extinction as a function of wavelength using a spherical particle with a radius of 2.50 m and an index of refraction of 1.58 on a flat substrate with an index of refraction of 2.40 ͑for ZnSe͒. The value of the extinction cross section at the maximum was C ext = 8.54ϫ 10 −7 cm 2 , which corresponds to a value of Q ext = 4.35 in the dimensionless units of the cross section divided by the area of the spherical particle, Q ext = C ext / ͑r 2 ͒. This calibrating extinction cross section was used with the transmission measurements at the maximum of scattered intensity and Eq. ͑1͒ for the boxed regions of lengths 4, 5, and 6 grid lengths ͑25.00, 31.25, and 37.50 m͒, yielding values of L eff = 26.68, 33.75, and 41.21 m, respectively. So the actual instrumental windows were only a small fraction of the grid width larger than expected. The same size windows and their calibrated L eff sizes were used to determine the extinction cross section of three different yeast cells, yielding cross sections at maximum scattering at 3178 cm −1 of ͑3.00Ϯ 0.25͒ ϫ 10 −7 cm 2 , ͑4.1Ϯ 0.5͒ ϫ 10 −7 cm 2 , and ͑3.00Ϯ 0.18͒ ϫ 10 −7 cm 2 . This corresponds to an average value for the extinction cross section of a single isolated yeast cell of ͑3.4Ϯ 0.6͒ ϫ 10 −7 cm 2 at the intensity maximum.
E. Common absolute plot of extinction, scattering, and absorption for a single, average yeast cell
The absolute maximum extinction cross section of 3.4 ϫ 10 −7 cm 2 fixed the scaling of the extinction spectrum, which was important because it was independent of any models. All remaining scaling and offsets were set by applying a full Mie model for a spherical particle including vibrations. The constraint was that a single set of parameters should reasonably represent all three absolute spectra for extinction, scattering, and absorption. The experimental extinction spectrum required only an offset from the Mie model as scaling was independently set. Since extinction ͑or scattering or absorption͒ spectra must monotonically decrease to zero as wavenumbers approach zero, the dip of the spectrum in Fig. 2 to about zero at 700 cm −1 shows that a positive offset was needed. Both offset and scaling are required to place the mesh absorption spectrum of Fig. 3 onto the absolute scale ͑dip below zero shows that a significant positive offset was needed͒. Since scattering is the difference between extinction and absorption, a second important constraint arises by subtracting the scaled and offset experimental extinction and absorption spectra to get an absolute scattering spectrum. The intensity and lineshape of each vibrational band in the absolute extinction, scattering, and absorption spectra were required to be consistent with a single set of Lorentz vibrational parameters.
Cross sections were calculated numerically using the full Mie theory by calculating well-known a n and b n coefficients, given the complex index of refraction of the particle ͑m͒ and the particle radius ͑r͒ as described extensively by van de Hulst. 23 Vibrations are included as a sum term with the complex dielectric function ͑⑀͒, which when written in terms of the index of refraction ͑m͒ is
where m ‫ء‬ is the complex conjugate of m, ⑀Ј is the real constant part of ⑀, ⑀Љ is the imaginary constant part of ⑀, and j is an index for a sum over vibrations ͑A j is the strength, 0j is the position, and ␥ j is the full width at half maximum of each vibration͒. The extinction ͑C ext ͒, scattering ͑C sca ͒, and absorption ͑C abs ͒ cross sections are calculated in the standard way with Mie theory
where C abs = C ext − C sca . Truncation of the infinite sums at n = 20 was sufficient for this project. The resulting absolute extinction, scattering, and absorption spectra are shown in Fig. 5 ͑absolute scaled experimental spectra are shown with solid traces͒. The model involved the following parameters: an offset of 0.0060 was added to the extinction spectrum of Fig. 2 , which was multiplied by a factor of 1.086ϫ 10 −5 to give the desired absolute maximum intensity. The experimental mesh absorption spectrum of Fig. 3 was offset by 0.068 and multiplied by 1.086ϫ 10 −5 / 16, so the mesh absorption is about 16 times stronger than would be expected with a cell on ZnSe and no mesh. The Mie parameters were r = 1.94 m, ⑀Ј= 1.843, and ⑀Љ= 0.170 ͑in terms of the constant part of m = n − ik, n = 1.359, and k = 0.063͒. The vibrational parameters defined in Eq. ͑2͒ are given in Table I . Only 20 terms were used, so this model involves some shortcuts ͑using one term for many vibrations, particularly in the molecular finger print region͒. Once elliptical particles are sufficiently different than spherical particles, it will not be possible to correctly predict both the absolute intensity and the broad spectral lineshape with a spherical model. The simulation of Fig. 5 is reasonable, but less than ideal, and the parameters in Table I might change with a better model. Finally, by not including the terms in Table I , one obtains a vibrationless curve for the absolute absorption cross section ͑dashed curve͒, which was used to provide a more in depth analysis of the vibrational spectrum.
F. Reconstruction and fit of the vibrational absorption spectrum of a single yeast cell
The vibrationless curve was subtracted from the absolute absorption spectrum in Fig. 5 and then rescaled ͑divided by 1.086ϫ 10 −5 ͒ to obtain the vibrational absorption spectrum that would have been obtained by a single yeast cell on ZnSe if it did not scatter and was obtained under the same conditions as the extinction spectrum, as shown in Fig. 6 . The vibrational peaks were fit to Gaussians in several ways as summarized in Table II , which includes assignments, peak positions, intensities, full width at half maximum, and integrated area. It was difficult to get definitive fits below the amide I band due to the large density of vibrations in the fingerprint region, so most entries at lower wavenumbers than the amide I band are not fitted positions, rather peak maxima. The H-bonded, OH stretching feature was fit with both one and three peaks to support alternative interpretations.
IV. DISCUSSION
Single, isolated, ellipsoidal yeast cells on ZnSe have extinction spectra that are dominated by scattering. They exhibit a very broad peak with a maximum near the nominal size of the cell, which is similar to the Mie scattering of spherical particles. There is the distortion of the vibrational lineshapes, particularly for the CH and OH stretches that are near the scattering maximum, but also at the amide I band. These scattering effects are greatly reduced by placing a yeast cell in the microhole of the plasmonic metal mesh. It becomes possible to characterize a single yeast cell absorption spectrum without the phasing distortions brought on by the interaction of scattered light with vibrations. The challenge emerged to place the extinction spectrum and absorption spectrum of a single yeast cell onto the same common and absolute scale, while being mindful of plasmonic effects or distortions. Individual latex microspheres work very nicely to calibrate the effective window of the imaging FTIR microspectrometer; however, the required offsets add systematic uncertainty to the absolute results. Examination of the low wavenumber region of the extinction spectrum in Fig. 2 ͑which is close to zero intensity at 700-800 cm −1 ͒ and knowledge about trends ͑intensity monotonically decreases to zero at zero wavenumbers͒ argues for a positive offset. An offset was also required for the absorption spectrum of Fig. 3 before scaling. Examination of Fig. 3 reveals an absorbance of Ϫ0.03 at ϳ700 cm −1 , while the trends in generic absorption require this value to be positive. This offset likely comes from the imperfect subtraction of dispersed plasmonic resonances with and without the particle of interest in the holes. The only constraint on these offsets was the internal consistency of the extinction, scattering, and absorption curves in Fig. 5 which was not quantified. Consequently, there could be systematic errors in the absolute cross sections at the level of 30%, which go with random variations of ϳ18%.
It is interesting to consider the differences of water within the average, single yeast cell to bulk liquid water. The OH stretching band of a yeast cell ͑Fig. 6͒ is less wide ͑FWHM= 405 cm −1 ͒ than in liquid water and occurs at a fitted value of 3331 cm −1 , which is significantly red shifted from the pure liquid water value 49 of 3404 cm −1 . It is well known that water molecules bind more tightly to cellular biomolecules than they do to each other in bulk water. 50 This produces an icelike redshift in the OH stretching frequency. By the same analogy, one also expects an increase in the intensity for a given amount of water.
The water inside an average, freshly dried, single yeast cell produces an OH stretch absorption signal with a cross section of 5.5ϫ 10 −8 cm 2 at 3346 cm −1 . A crude estimate of the water in a single yeast cell ͑assuming that the cell volume of 37.1 m 3 is 75% water 51 ͒ yields ϳ27.9 pg or ϳ1.55 ϫ 10 −12 moles. According to the Mie model simulation, this amount of water produces an absorbance of 0.003 65 when assayed with a 19.3 m ϫ 19.3 m window. The vibrational parameter A OH = 0.017 for the OH stretch of water in a single yeast cell also provides an alternative measure of the strength of the OH absorption within a Mie modeling context using dielectric functions.
The OH peak in liquid water is well-known for an extensive red tail associated with hydrogen bonding. In the extinction spectra of a single yeast cell ͑see Fig. 2͒ , the OH band seems to stretch all the way down to the fingerprint region at ϳ1700 cm −1 . However, examination of Fig. 6 shows that this long tail is due to several effects not associated with OH stretching, including a broad feature that might be due to residual scattering at ϳ2680 cm −1 and the 2 + libration combination band of water. Concerning the latter, the H 2 O 2 + libration feature 49 will have an intensity of 3% of the OH stretch in liquid water predicting an absorbance of 0.000 11, while we see 0.000 17. Concerning the possible residual scattering feature, it may be that the suppression of scattering from the full cell shape leaves residual scattering effects from some of the internal structures such as the nucleus or central vacuole. Scattering in this region has been observed from pycnotic ͑inactive and contracted͒ nuclei of human cells. 14 Recalling that Fig. 6 is an average spectrum of many individuals, note that the individual spectra show variations in the position and width of this feature including some spectra without this feature. Therefore, more work is needed before a definitive assignment can be offered.
The removal of scattering effects in Fig. 6 reveals a smaller and less broad peak on top of the OH stretching band. The nonlinear least-squares fitting reveals this peak to be at 3283 cm −1 with a full width at half maximum ͑FWHM͒ of 42 cm −1 . Stretching of the NH group in both proteins and peptides occurs in this region ͑3300 and 3080 cm −1 ͒, respectively, 52 which is usually obscured by the large OH stretching band.
The peak at 1248 cm −1 is attributed to nucleic acids and is of much interest since a diploid bread yeast cell will have 0.024 pg of DNA. However, there may be as much as 100 times more RNA than DNA in a functional yeast cell, 51 so it is thought that this peak is much more likely to characterize RNA. Clearly, there exists the potential to quantify the amount of RNA in a single yeast cell.
The amide I band, which is diagnostic of the viability of cells, 42 is significantly affected by scattering although these effects are not as apparent as with the OH and CH stretching vibrations that occur closer to the scattering maximum. The amide I band has significant derivative character in the extinction spectrum and the upward part of the lineshape occurs at 1636 cm −1 . If this were interpreted as an absorption, the feature would suggest a significant change from the dominance of ␣-helix structure at 1655 cm −1 , perhaps suggesting cell death. However, the position of the amide I band maximum at 1650 cm −1 in the absorption-corrected spectrum of Fig. 6 suggests that the yeast cells are alive and well.
V. CONCLUSION
In yeast cells, there exists an interesting interplay between scattering, vibrations, and generic absorption. The generic absorption and scattering curves cross over from the dominance of scattering to absorption at wavenumbers lower than 1800 cm −1 , which is right in the middle of a traditional IR spectrum. Both dramatic and subtle scattering effects were revealed, which importantly affect the interpretation of observed IR spectra of single yeast cells.
